I. INTRODUCTION

S
UPERCONDUCTING microelectronic (SME) technology is capable of realizing extremely high speed digital receivers performing direct digitization of microwave signals with very low power consumption. The ability of realizing reconfigurable front-end components that are amenable with SME technology will pave the way of realizing a multiband interference-free SME receiver with performance not attainable with any other known technology. One of the main advantages of tunable systems is avoiding hardware repetition for multistandard applications. They can also add flexibility to present analog front-ends in a wide range of applications [1] . Radio frequency (RF) Micro-electro-mechanical systems (MEMS) is the only technology available that can be possibly integrated with SME on a single chip. RF MEMS switches have many advantages over their semiconductor and mechanical counterparts. The main advantage of RF MEMS switches is the linearity. There are other advantages as well including low insertion loss, low DC power consumption and small size [2] .
Tunable capacitor banks are one of the well-known tunable elements for RF front-ends; nonetheless, there is no data available in the literature regarding superconducting capacitor bank monolithically integrated with superconducting niobium-based RF MEMS switches working at 4 K. In this paper a niobium-based DC contact RF MEMS switch and a capacitive contact RF MEMS switch are presented. The switches are implemented using standard SME technology offered by HYPRES [3] following by a post-processing technique. Both devices are measured at 4 K. There is significant improvement in the insertion loss of the switches when compared with room temperature results. Several RF MEMS devices are designed, fabricated and tested. A Single-PortDouble-Throw (SPDT) RF MEMS switch is presented applying two DC contact RF MEMS switches. Two types of switched capacitor banks are also presented each employs different types of the proposed RF MEMS switches. The capacitance variation of each capacitor bank versus frequency and temperature is investigated.
II. HYPRES FABRICATION PROCESS
The switch is implemented using SME technology, which is offered by HYPRES. It is a multilayer niobium-based fabrication process. The process consists of four niobium metal layers, one tri-layer (Nb/AlO/Nb), one resistive layer and one gold layer immediately on top of the last niobium metal layer. The metal layers are separated by three insulating SiO 2 layers as shown in Fig. 1 . The dielectric layer thickness is in the range of 150 nm to 500 nm.
The fabrication process is amenable to the realization of RF MEMS devices making it possible to integrate reconfigurable RF front-ends into the SME receiver chip and achieve a single chip solution.
III. RF MEMS SWITCHES
A. DC Contact RF MEMS Switch
Theoretically, a DC contact series switch is off when the beam is in the up-state position and no electrostatic force is applied to the MEMS structure. The switch is on when the actuation voltage is applied to the beam and the beam is in the down-state position making DC contact to the transmission line (TL). Such switches have a separate actuation electrode; therefore, it is possible to make direct DC contact to the TL. actuation electrode and the cantilever beam is protected by M2 metal layer to prevent any possible short circuit between the beam and the actuation pad. The SiO 2 layer between M2 and M3 is used as the sacrificial layer. By removing the sacrificial layer an air gap with the thickness of 0.5 μm is created for the MEMS part.
The niobium chip needs to go through several postprocessing steps for the release of the MEMS structure. Fig. 3 shows the three steps of the post-processing technique, which is developed in the Center for Integrated RF Engineering (CIRFE) cleanroom at the University of Waterloo [4] . The first step is removing the Photo-Resist (PR) layer protecting the chip area with acetone. The chip is then immersed in PAD Etch 4 (Air products and chemical Inc.), which is a Hydrofluoric (HF) acid based chemical, to etch the SiO 2 sacrificial layer. The time is very critical, since niobium is also attacked by PAD Etch 4, but with slower rate. Release holes are introduced in M3 layer to allow fast and isotropic etching of SiO 2 sacrificial layer underneath M3. To prevent the stiction after the wet release, a critical point dryer system is used to dry the chip [5] . Fig. 4 shows the SEM image of the switch after the release process. A cantilever beam of 40 μm × 15 μm is mounted on a 60 μm/40 μm/60 μm coplanar waveguide (CPW) transmission line. The size of each release hole is 2 μm and the spacing between every two release holes is 4 μm. The SEM image shows an initial warp-up of the cantilever beam which is due to release of some residual stress [6] . The initial displacement at the tip of the beam is about 5.5 μm according to the optical profiler image. The initial warpage of the beam increases the actuation voltage, but on the other hand increases the switch isolation.
The RF performance of the switch is measured using twoport on wafer measurements up to 10 GHz using Agilent PNA-X N5241A Network Analyzer [7] . The device is initially measured at room temperature. Fig. 5 shows the measured S-parameters of the switch from 10 MHz to 10 GHz at room temperature. The maximum insertion loss is 4 dB at 10 GHz and the return loss is 25 dB. The 4 dB insertion loss is due to niobium loss at room temperature.
Lakeshore cryogenic probe-station [8] is used to measure the switch RF performance at 4 K. Fig. 6 illustrates the measured S-parameter of the switch at 4 K. The insertion loss is improved significantly along with improvement in the return loss and isolation. The actuation voltage is 51 V at 4K.
The measured results given in Figs. 5 and 6 show a different behavior of the return loss at room temperature and cryogenic temperature. This is also verified by electromagnetic (EM) simulation using Sonnet [9] . The EM analyses show that the reduction of the return loss is due to both substrate loss and niobium loss at room temperature.
B. Capacitive Contact RF MEMS Switch
A capacitive contact shunt switch is placed in shunt between the TL and the ground plane. Ideally, the switch is on when the beam is in the up-state position and off when the actuation voltage is applied and the beam is in the down-state position. Unlike the series switch, the actuation electrode of the shunt switch is not separate from the TL which is the signal line itself. To create DC isolation, the signal line underneath the beam is covered by a thin dielectric layer. Fig. 7 shows the cross section view of a superconducting capacitive contact shunt RF MEMS switch. The suspended beam is on M3 metal layer. The signal line is on M0 which is also the actuation pad. Part of the SiO 2 between M0 and M3 is protected from the wet etchant by M1. This is required to protect any short circuit between M0 and M3 while actuating the suspended beam. In addition the dielectric layer between M0 and M1 is the thinnest available dielectric layer which allows for large downstate capacitance value, thus better isolation for the switch. When the switch is in the up-state position the capacitance value between the ground plane and the signal line is very small, which acts as an open circuit. After actuating the beam to its down-state position, the capacitance value between the ground plane and the signal line is much larger and acts as a short circuit at high frequencies.
The device needs to go through the post-processing steps illustrated in Fig. 3. Fig. 8 shows the SEM image of the device after the release process. The beams dimension is 250 μm × 50 μm mounted on a 100 μm/20 μm/100 CPW transmission line. The size of each release hole is 2 μm with the spacing of 2 μm. The air gap should be 0.7 μm; however it increases close to 5 μm due to the residual stress in the thin film [5] .
The device is measured at cryogenic temperature. Fig. 9 shows the measured S-parameters of the switch along with the simulated results from 5 GHz to 30 GHz at cryogenic temperature. The insertion loss is better than 0.12 dB at 15 GHz. The return loss and isolation are 20 dB and 48 dB, respectively. 
IV. RF MEMS DEVICES A. Single-Port-Double-Throw RF MEMS Switch
A superconducting Single-Port-Double-Throw (SPDT) switch is designed employing two superconducting DC contact RF MEMS switches. The SEM image of the device after the release process is illustrated in Fig. 10 . The SPDT switch is measured in the Lakeshore cryogenic probe station at 4 K. Fig. 11 shows the measured S-parameters of the device in the two states. The insertion loss is very close to zero for both states. The return loss is better than 18 dB at 2 GHz. This is just an initial prototype of a superconducting RF MEMS single-port multiple-throw switch. The RF response can be enhanced significantly by optimizing the dimensions of the transmission line in each port.
B. Capacitor Bank
Capacitor banks are major components for reconfigurable RF filters. Two novel capacitor banks are designed and fabricated using the niobium switches proposed in Section III.
A capacitor bank is designed using a capacitive contact shunt RF MEMS switch elaborated in part B of Section III. Fig. 12 shows the SEM image and the circuit model of the device. It consists of three capacitive contact switches in shunt with the CPW transmission line. Three fixed capacitors are connected in series with the switches. At 2 GHz the capacitance values for C1, C2 and C3 are 0.2 pF, 0.3pF and 0.7 pF, respectively. The up-state capacitance value of each capacitive switch is 0.1 pF and the down-state capacitance value is larger than 1 pF.
The device is measured at room temperature. Fig. 13 shows the extracted capacitance values from the measured S-parameters at room temperature. Four states are shown including 0.4 pF, 0.45 pF, 0.55 pF and 0.94 pF at 2 GHz, when one capacitive switch is down each time. It should be mentioned that only one switch could be actuated at a time, since only two DC probes are available in the chamber, one is used for DC voltage and the other is used for DC ground.
Fig. 14 illustrates the measured S-parameters of a niobiumbased capacitor at room and at cryogenic temperatures. There is significant improvement in the quality factor of the capacitor at cryogenic compare to room temperature. It should be mentioned that the improvement in the quality factor of the capacitor is not only because of the superconducting behavior of niobium at 4 K, but also because of the variation in the silicon substrate resistivity along with temperature. According to [10] low resistive silicon becomes a very good dielectric at temperatures below 25 K due to electron freeze. Fig. 15 shows the SEM image of another capacitor bank after post-processing along with its circuit model. The RF MEMS switch is a DC contact series type described in part A of Section III. There are four RF MEMS switches that connect four fixed capacitors to ground. The value of each capacitor is about 0.45 pF at 2 GHz.
The device is measured in the Lakeshore cryogenic probestation at 4 K. Fig. 16 shows the extracted capacitance values from the measured S-parameters. Only three states are pre- 
V. CONCLUSION
Niobium-based superconducting DC contact and capacitive contact RF MEMS switches are presented in this paper for the first time. The switch is fabricated using the same fabrication process employed in the SME technology. The RF performance of both switches indicates a significant improvement in the insertion loss when niobium superconducts. The proposed superconducting DC contact RF MEMS switch is employed in designing a SPDT switch. The switch RF performance is evaluated at cryogenic temperature. The two types of switches are also implemented to design two different capacitor banks. The extracted capacitance values from the measured S-parameters at room and at cryogenic temperatures indicate variations of the capacitance values.
